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Organic solvents miscible in water (cosolvents) exerted a dual effect on the activation stage of two thiore- 
doxin-linked enzymes of the reductive pentose phosphate cycle, phosphoribulokinase and NADP-glyceral- 
dehyde-3-P dehydrogenase, both from spinach chloroplast; the enzyme specific activity was stimulated and 
inhibited by low and high concentrations of alcohols, respectively. On the contrary, cosolvents inhibited 
the catalytic process. In the stimulation of phosphoribulokinase activation, organic solvents reduced the 
requirement for thioredoxin-f and changed the thiol specificity, so that monothiols became functional. The 
cosolvent-mediated enhancement of NADP-glyceraldehyde-3-P dehydrogenase was obtained in the absence 
of modulators. With both enzymes, the concentration of the organic solvents required for activation was 
inversely proportional to its hydrophobicity (1-butanol < 1-propanol < 2-propanol < ethanol). The pre- 
sent results demonstrate the participation of a new component, the enzyme microenvironment, in the regula- 
tion of thioredoxin-linked chloroplast enzymes. 
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1. INTRODUCTION 
Regulatory enzymes of the reductive pentose 
phosphate cycle of higher plant chloroplasts are 
considered to be soluble and, consequently, have 
typically been studied in vitro with water as the 
sole solvent. However, any interaction of these en- 
zymes with thylakoid membranes indicates that 
their physiological environment is not strictly 
aqueous [1,2]. The use of mixtures of water and 
organic solvents opens the possibility to study 
these enzymes in an in vitro milieu that, although 
unphysiological, resembles a membrane environ- 
ment in being less polar than water [3]. Such an ap- 
proach seems attractive in the case of regulatory 
enzymes of the reductive pentose phosphate cycle 
because their activity is due to two reactions, ac- 
tivation and catalysis, that can be separated ex- 
perimentally and selectively modified [4-71. The 
activation process has been shown to be controlled 
independently by a broad spectrum of agents: ions 
(H+, Mg2+, Ca2+), cycle intermediates (sugar 
phosphates) and reductants (reduced thioredoxin, 
NADPH) [8-131. The activation reaction would 
thus seem to be an ideal site for organic solvent ef- 
fects vis-a-vis its catalytic counterpart. 
A recent report shows that fructose-1,6- 
bisphosphatase, a thioredoxin-f-linked enzyme of 
chloroplasts, is influenced by cosolvents [14]. 
Dependent on their concentration, organic 
solvents either enhanced or inhibited the concerted 
activation of the enzyme. The stimulation of the 
specific activity of fructose-l ,6-bisphosphatase 
brought about by cosolvents resulted from a 
decrease in the activation kinetic constants of 
modulators (Ca 2+ fructose-1,6-bisphosphate). In , 
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contrast, cosolvents inhibited catalysis, i.e. the 
hydrolysis of fructose-l ,6-bisphosphate by the ac- 
tivated enzyme. 
To determine whether other thioredoxin-linked 
chloroplast enzymes show a response to 
cosolvents, we have determined the effects of 
organic solvent mixtures on the activity of 
phosphoribulokinase and NADP-glyceralde- 
hyde-3-P dehydrogenase, 2 regulatory enzymes of 
the reductive pentose phosphate cycle, which can 
weakly interact with thylakoid membranes [1,2]. 
We now report that each of these enzymes is in- 
fluenced by environments less polar than water in 
a manner generally similar to fructose-1,6-bis- 
phosphatase. 
2. MATERIALS AND METHODS 
2.1. Reagents 
Biochemicals and auxiliary enzymes were ob- 
tained from Sigma (St. Louis, MO). Other 
chemicals were purchased from commercial 
sources and were of analytical grade. 
2.2. Purification of chloroplast enzymes and 
thioredoxin-f 
Previously devised procedures were followed for 
the purification of the regulatory forms of both 
phosphoribulokinase [ 121 and NADP-glyc- 
eraldehyde-3-P dehydrogenase [ 131 from spinach 
leaves. The procedures in [15] were used for the 
purification of thioredoxin-f and the estimation of 
protein. 
2.3. Assay of enzyme activities 
Determination of enzyme activity was carried 
out by the 2-stage assay used for the study of 
hysteretic enzymes [ 161. Following preincubation 
of the enzyme at 23°C in a mixture of specific com- 
position (see below), catalytic activity was 
measured spectrophotometrically by injecting the 
enzyme into the assay solution and measuring 
change in absorbance at 340 nm. 
2.3.1. Phosphoribulokinase 
The assay solution for phosphoribulokinase 
contained 2.5 units of rabbit muscle lactate 
dehydrogenase; 2.1 units of rabbit muscle pyruvate 
kinase; 3 .O units of phosphoribose-isomerase and 
the following: 50pmol Tris-HCl buffer (pH 7.9); 
10pmol MgS04; lQpmo1 KCl; 0.8 /cm01 sodium 
phosphoenolpyruvate; 1 .O pmol ATP; 0.2 pmol 
NADH; and 0.4 pmol sodium ribose-5-P. Final 
volume: 1.0 ml. The decrease in absorbance at 
340 nm was measured. 
2.3.2. NAD(P)-glyceraldehyde-3-P dehydro- 
genase 
The assay solution for the NAD(P)-linked activi- 
ty of glyceraldehyde-3-P dehydrogenase contained 
2 units of yeast phosphoglyceric-phosphokinase 
and the following: 50/1mol Tris-HCl buffer (pH 
7.9); 10 pmol MgS04; 2.5 pmol sodium 3- 
phosphoglycerate; 2.5 pmol ATP; and 0.2 ,umol 
NAD(P)H. Final volume: 1.0 ml. The decrease in 
absorbance at 340 nm was measured. 
3. RESULTS AND DISCUSSION 
Following chromatography on a Bio-Gel 
A-l.5 m column, spinach leaf preparations 
showed 2 peaks of phosphoribulokinase activity, 
corresponding to the regulatory and nonregulatory 
forms of the enzyme [12]. As seen in table 1, the 
regulatory form was strongly activated by prein- 
cubation with dithiothreitol-reduced thioredoxin- 
f. When activation was carried out in a solution 
Table 1 
Effect of 2-propanol on the activation of 
phosphoribulokinase 
Preincubation conditions Phosphoribulokinase 
activity (nmol NADH 
oxidized. min-‘) 
Control 2-Propanol 
None 0 0 
Dithiothreitol 8 28 
Dithiothreitol plus 
thioredoxin 30 32 
The partially purified form of phosphoribulokinase 
(5 pg protein) was preincubated at23°C in 0.1 ml of a 
solution containing 10pmol Tris-HCl buffer (pH 7.9) 
and, as indicated, 0.5 pmol dithiothreitol, 2 pg 
thioredoxin-f and 10% 2-propanol. After 5 min of 
preincubation, an aliquot of the mixture (0.05 ml) was 
injected into the solution for assaying phos- 
phoribulokinase activity described in section 2 
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Table 2 
Effect of ethanol on the activity of cosolvent-activated 
phosphoribulokinase 
Phosphoribulokinase 
activity (nmol NADH 
oxidized . min- ‘) 
Control 54 
Plus 2% ethanol 50 
Plus 5% ethanol 18 
Plus 10% ethanol 1 
The regu1ator.y form of phosphoribulokinase (5 pg 
protein) was preincubated at 23°C in 0.1 ml of a 
solution containing 10pmol Tris-HCI buffer (pH 7.9), 
0.5 pmol dithiothreitol and 20% ethanol. Following 
5 min of preincubation, an aliquot (0.03 ml) of the 
mixture was injected into the solution for assaying 
phosphoribulokinase activity described under section 2 
containing 10% 2-propanol, the enzyme was ac- 
tivated by dithiothreitol in the absence of 
thioredoxin-f. Since our experimental protocol 
permits a separation of enzyme activation from 
catalysis, we determined the effect of 2-propanol 
on the catalytic reaction. In those studies (table 2), 
we found that 2-propanol consistently inhibited 
catalysis even at 10% or lower concentrations. In 
parallel experiments, we observed that concentra- 
tions of 2-propanol lower than 10% did not inhibit 
the activity of the couple pyruvate kinasejlactate 
dehydrogenase and ribose 5-P isomerase. Thus, 
2-propanol and other alcohols (see below) 
stimulated the conversion of phosphoribulokinase 
from an inactive form to another more active, as 
found earlier for activation by reduced 
thioredoxin-f [12]. On the other hand, the 
nonregulatory form of phosphoribulokinase, 
which does not respond to thioredoxin-f [12], was 
inactivated by organic solvents (not shown). 
To further characterize the effect of cosolvents, 
we studied activation of the regulatory form of 
phosphoribulokinase by different alcohols added 
in the presence of dithiothreitol. As shown in fig. 1, 
the concentration of cosolvent required for max- 
imal enhancement of specific activity decreased as 
a function of chain length - i.e., butanol < pro- 
panol < ethanol. An examination of the octanol- 
water partition coefficient for the alcohols tested 
u71 suggested that the enhancement of 
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Fig.1. Effect of organic solvents on the activation of 
phosphoribulokinase. The partially purified regulatory 
form of phosphoribulokinase (5 pg protein) was 
preincubated at 23°C for 5 min in 0.1 ml of a solution 
containing 10pmol Tris-HCI buffer (pH 7.9), 0.5 pmol 
dithiothreitol and, as indicated, the organic solvent. 
After preincubation, an aliquot (0.025 ml) of the 
mixture was injected into the solution for assaying 
phosphoribulokinase activity described in section 2. 
Control activity: 15 nmol NADH oxidized.min-‘. 
phosphoribulokinase activation by organic 
solvents in the presence of dithiothreitol correlates 
with the hydrophobic nature of the cosolvent. 
To assess the role of thiols in the activation of 
phosphoribulokinase by aliphatic alcohols, we 
replaced dithiothreitol by other sulfhydryl com- 
pounds added in the absence of thioredoxin-f. 
Table 3 illustrates that, while only dithiols showed 
significant enhancement of phosphoribulokinase 
activity in an aqueous medium, monothiols 
became effective following a 5 min exposure of the 
enzyme to 20% ethanol. The results thus show that 
in addition to enhancing the dithiol-mediated ac- 
tivation of phosphoribulokinase, organic solvents 
added during activation changed reductant 
specificity so that the requirement for thioredoxin- 
f was reduced and monothiols became effective. 
To determine whether other thioredoxin-f- 
linked enzymes of chloroplasts are similarly 
modified, we tested the effect of organic solvents 
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Table 3 
Effect of ethanol on the thiol-mediated activation of 
phosphoribulokinase 
Preincubation 
conditions 
Phosphoribulokinase 
activity (nmol NADH 
oxidized. min-‘) 
Control Ethanol 
None 0 0 
Dithiothreitol 16 56 
1,3-Dimercapto-2-propanol 16 64 
2-Mercaptoethanol 0 32 
2-Mercaptoacetate 3 16 
L-Cysteine 3 16 
Reduced glutathione 2 28 
The regulatory form of phosphoribulokinase (5 pg 
protein) was preincubated at 23°C in 0.1 ml of a 
solution containing 10pmol Tris-HCI buffer (pH 7.9) 
and, as indicated, 20% ethanol and either 0.5 pmol of a 
dithiol or l.Oamol of a monothiol. Following 5 min 
preincubation, the mixture was injected into the solution 
for assaying phosphoribulokinase activity described 
under section 2 
on glyceraldehyde-3-P dehydrogenase. As il- 
lustrated in fig.2, the NADP-linked activity of the 
preparation was enhanced by preincubating the en- 
zyme with a cosolvent. Under similar conditions, 
the NAD-linked activity was unaffected (not 
shown). Although the concentrations of cosolvent 
necessary for maximal enhancement of the specific 
activity were higher with NADP-glyceralde- 
hyde-3-P dehydrogenase in comparison with the 
other enzymes tested (cf. fructose-l ,Bbisphos- 
phatase in [14] and phosphoribulokinase in this 
paper), its behavior was similar in that lower con- 
centrations of organic solvents were required as 
their hydrophobic character increased. In other 
experiments (not shown), it was found that 
cosolvents enhanced the activation of glyceralde- 
hyde-3-P dehydrogenase by Pi [ 131. 
In conclusion, our earlier studies [14] and the 
present results indicate that transition from a 
strictly aqueous milieu to an environment less 
polar than water differentially influences 
thioredoxin-f-linked enzymes of chloroplasts. 
With the enzymes studied so far (fructose- 
1,6_bisphosphatase, phosphoribulokinase, NADP- 
glyceraldehyde-3-P dehydrogenase), the addition 
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Fig.2. Effect of organic solvents on the activation of the 
regulatory form of NADP-glyceraldehyde-3-P de- 
hydrogenase. The enzyme (6pg protein) was 
preincubated at 23°C in 0.1 ml of a solution containing 
10 pmol Tris-HCI buffer (pH 7.9) and, as indicated, the 
organic solvent. Following 5 min of preincubation, the 
mixture was injected into the solution for assaying the 
NADP-linked activity of glyceraldehyde-3-P de- 
hydrogenase described in section 2. Control activity: 
5 nmol NADPH oxidized. min-‘. When the con- 
centration of n-butanol in the activation stage was 
higher than lo%, the mixture separated into 2 phases; 
for assaying enzyme activity we mixed thoroughly before 
injection. 
of cosolvents to the activation process enhanced 
the specific activity, whereas cosolvents added dur- 
ing catalysis lowered the rate of substrate conver- 
sion. As these enzymes would interact with 
thylakoid membranes, and therefore function in a 
microenvironment different to bulk water, it 
becomes of interest to determine the relevance of 
the observed cosolvent effects to enzyme function 
in vivo. Apropos this point, it should be noted that 
in 2 of the cases studied (fructose-1,6-bisphos- 
phatase, phosphoribulokinase) the cosolvent 
diminished the requirement for thioredoxin-f, and 
monothiols became effective as enzyme activators. 
In the third case (NADP-glyceraldehyde-3-P 
dehydrogenase), activation by cosolvents did not 
require thiols. Interestingly, a somewhat different 
pattern has taken shape with NADP-malate 
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dehydrogenase, a chloroplast enzyme activated by 
either thioredoxin-m or thioredoxin-f [19]. In this 
case, cosolvents have been found to enhance 
activation in a manner similar to the other 
enzymes, but a thioredoxin was still strictly 
required and monothiols remained ineffective in 
activation [20]. It remains to be seen how each of 
these enzymes (which are regulated by the ferre- 
doxin/thioredoxin system which solubilized in 
aqueous solution) respond to thioredoxins and 
effecters provided in a physiological membrane 
system. 
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